The paper presents the results of the investigation of microstructure of the welded X5CrNiCuNb16-4 (17-4PH) steel after solution treatment and aging at 620°C for different periods. The microstructure and the phase composition of the steel was investigated using light microscopy (LM), scanning electron microscopy (SEM), energy dispersive spectrometry (EDS), transmission electron microscopy (TEM) and the X-ray diffraction (XRD). Hardness was measured for samples aged at different times. Density distributions of Cu precipitates were established. The investigation has shown that the microstructure of the X5CrNiCuNb16-4 steel welds after aging at 620 ° C consists of tempered martensite, fine Cu precipitates and austenite. It was observed that the size of the Cu precipitates increases with increasing the aging time, what affects the decrease of hardness. Simultaneously, the quantity of reversed austenite increases with increase of aging time. It was revealed that enrichment of the austenite in Ni, Cu and C affects the increase of M s , but this factor does not determine the stability of austenite.
INTRODUCTION
Precipitation hardened stainless steels, due to their combination of mechanical properties and corrosion resistance, are commonly used as a construction material for power engineering and chemical and aviation industry. One of the most common steels belonging to this group is 17-4PH (XCrNiCu16-4-3). This steel contains ca. 3 wt. % Cu and is hardened by Cu-fcc precipitates in the martensitic matrix [1, 2, 3] .
After solution treatment at 1038°C ±14°C (Condition A) the steel is tempered at 482°C for 1h (Condition H900), at 496°C for 4h (Condition H925), 551°C for 4h (Condition H1025), 580°C for 4h (Condition H1075), 593°C at 4h (Condition H1100) or 621°C for 4h (Condition H1150). After solution treatment the 17-4 PH steel has martensitic microstructure but the hardness is moderately high. Aging that follows this treatment leads to precipitation of phases enriched in Cu and consequently to strengthening and hardening [4] [5] [6] [7] [8] [9] . It is considered that the excellent mechanical properties and plasticity of stainless steels derive from the reversed austenite. This austenite is mechanically unstable and thermally stable [10, 11] . However, thermal stability of reversed austenite is still not understood. Many hypotheses propose an explanation for this phenomenon. Rao et al. [12, 13] suggested that the austenite stability can be attributed to compression stresses causing 90% of martensite to be created during cooling. Sha et al. [11] suggested that concentration of Ni in austenite may decide about its stability.
Reversed austenite can be effectively used in many types of steel, such as maraging steels, TRIP steels, austenitic TWIP [14, 15, 16] . These steels are often joined by GTAW welding. The steel parts are often repaired by welding and it is a common technique of reducing costs. However, rapid solidification during welding modifies the structure of the weld and heat affected zone [17] . In order to obtain weld properties similar to those of the base material, the post-weld heat treatment (PWHT) is inevitable. The use of post-weld heat treatment also increase hardness of the weld, HAZ and the base material. Such effect is in the opposite to the high-strength structural steels [18] and advanced steels for power plants [19] . Application of solution treatment before aging results in decreasing the quantity of delta ferrite and improves its resistance [20, 21] .
The strength and toughness of the weld decrease with increasing aging temperature above 540°C as a result of the growth of precipitates of Cu [5, 20] . Due to a good combination of strength and plastic properties as well as uniform corrosion in chloride acid environment [17, 22] the steel is used in the overaged condition. The 17-4PH steel in overaged state is also used for large size construction parts that are to be welded. In such a case the overaged condition guarantees optimum weldability.
There is a need for detailed study of microstructure formed during aging of 17-4 PH steel welds, in particular the research of the welded joints in terms of reversed austenite. Most of the previous studies on steel 17-4PH were focused on the effects of aging on the microstructure and mechanical properties of the base material [23] [24] [25] [26] [27] [28] . Only a few reports were related to the weld of the material [5, 17, [29] [30] [31] . Therefore, the present work is focused on detailed characterization of microstructure of the welded joints in overaged condition, using XRD, LM, SEM, TEM. Volume fraction of the reversed austenite was calculated and measurements were performed of Cu particle size after aging at the temperature of 620°C.
EXPERIMENTAL
The material used for the test was X5CrNiCuNb16-4 steel (17-4PH) of the chemical composition given in Table 1 . The base metal was received by cutting out the slice of 10 mm thickness from the 110 mm diameter rod. Then the slice was cut in half along the diameter and the both halves of the 10 mm thick slices were autogenously welded using the GTAW method. The welding parameters were following: current -100A, arc voltage -12V and the welding speed -1.5 mm/s. The butt welded joint was cut perpendicularly to the welding direction into the 10 mm thick samples. Then the samples were solution treated at 1050°C for 1h and isothermally aged at 620°C under argon atmosphere. Duration of the aging was from 0.5 to 10h.
In order to observe the changes of properties due to the increase of aging time, the hardness of the samples was measured using HPO-250 Vickers durometer. Hardness measurements were performed on weld cross-section of a welded joint with a load of 10 kG (98.07 N). Microstructure of the steel welds was investigated made using LM light microscope Leica DMLM. The samples were digested in Villela's etchant. Thin foils for TEM investigation were prepared by slicing, grinding and finally iron milling. TEM microstructural analysis was carried out using performed on a transmission electron microscope JEOL 200CX. In order to determine the size distributions of Cu precipitates and the average particle size after aging at temperature 620°C for 1h and 4h. ImageJ freeware program was used to analyze data. In each case, approximately 500 particles were analyzed (approx. 15 fields) on a series of TEM micrographs acquired in TEM bright-field mode at magnification 50 000x. Digital TEM images were calibrated according to the magnification scale and the distance of 1 nm corresponded to a 0.704 of pixel. The particles were manually marked and their areas were measured. Afterwards, the equivalent diameter D p was calculated for every precipitate, and it was treated as the particle size. The particle diameter distributions were determined. Then the average particle diameters and standard deviations were calculated.
XRD studies were carried out in order to measure the volume fraction of austenite in samples after aging at 620°C. The XRD were performed on a Siemens D500 Diffractometer, using the monochromatic radiation of a copper X-ray tube (λ Cu K α = 1.54 Å). Diffraction pattern was determined with the use of Bragg-Brentano method, using step-counting (∆2θ = 0.02°, time per step τ = 5s) in the angle range 2θ from 35° to 90°.
Afterwards, the sections of the welds after aging at 620°C for 4h were examined using scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS) JEOL 6610. EDS analysis was performed on several randomly selected sites. Then average concentration of elements for the core and the cells boundaries was determined. The analysis of EDS for larger areas of the weld was also performed. Figure 1 shows the results of hardness measurements in the weld, depending on the aging time, for aging temperature of 620°C. It was observed that starting from aging time as large as 0.5 h, hardness decreases with increasing aging time. This means that the overaging condition occurs in the welds at 620°C for the aging periods starting from 0.5 h. In order to clarify the transformations occurring during aging at the temperature of 620°C microstructural studies were conducted. LM studies indicate that the microstructure of the weld is martensitic, containing skeletar δ ferrite and lathy δ ferrite (Fig. 2) . After aging at in X5CrNiCuNb16-4 steel in overaged condition 620°C, tempered martensite microstructure with carbide precipitates distributed along the strips of martensite and ferrite δ (Fig. 3) is observed. TEM studies have shown that these precipitates are M 23 C 6 type carbides. In addition, in the microstructure there is austenite distributed within martensite laths and austenite within a martensite matrix. TEM microstructure of reversed austenite after aging at 620°C for 4h shown in There are small fcc Cu precipitates (Fig. 5a ) in the microstructure after aging at 620°C for 1 hour. The size of Cu precipitates increases with the increase aging time (Fig. 5b) . Size distributions of the precipitates after aging at temperature 620°C for 1h and 4h are shown in Fig 6. The results of measurements are shown in Table 2 . The average size of Cu precipitates after aging for 1 h was 16 nm. The increase of aging time to 4h resulted in the increase of the size to 21 nm. The XRD results of the weld after welding and aging are shown in Fig. 7 . The diffraction confirms the presence of the martensitic/ferritic microstructure. There are also small peaks from austenite. The calculated amount of austenite after welding is similar to the amount after welding and solution treatment, which is ca. 2.8% by volume (Table 3) . When comparing the condition after welding to the state after welding and aging for 1 h, the peak intensity of the austenite is greater after aging for 1 h. The peak intensity from austenite increases with increase of the aging time. Quantitative analysis showed that the volume fraction of austenite for the aging time of 1 h is 5.9%, while for 4 h it increased to 7.3%. EDS analysis showed that the average chemical composition of the weld is 17.1% Cr, 4.8% Ni and Cu 2.9% (Table 4) . EDS line analysis indicated that the elemental distribution of Ni, Cr and Fe, and in a small extent of Cu differentiates across the grains. The boundaries of cells are enriched in Ni and Fe, Cu, and the cell cores are richer in Cr. The average chemical composition of the cell boundary is ca. 16.7% Cr, 5.6% Ni and 3.1% Cu, and the cell core contains 17.2% Cr, 4.4% Ni and 2.7% Cu (Fig. 8a, b) . This indicates that the cell boundaries are slightly enriched in Ni and Cu in comparison with the average composition of the weld. The exemplary EDS spectra at the cell boundary (A) and the cell core (B) are shown in 
RESULTS

DISCUSSION
The presence of δ ferrite in the weld can be explained on the basis of primary ferrite mode. Calculated R Cr / R Ni for the test steel 17-4PH is 2.86. Because of the fact that R Cr / R Ni is above 1.48, 17-4PH steels solidify with the primary ferrite mode. The transformation of δ ferrite to austenite begins at around 1300°C and ends near 1200°C in the case of equilibrium conditions [1] .
In the course of equilibrium cooling most of δ ferrite is transformed into austenite, and then into martensite. However, high cooling rates occurring after welding partially limit the transformation of δ ferrite transformation into γ austenite. As a result, the weld structure is composed of martensite, δ ferrite and small amount of austenite. After the ending of the weld, a certain stress state still remains. Furthermore, non-equilibrium solidification conditions associated with rapid cooling of the material can lead to an uneven distribution of elements across the width of the crystallites. Research of Song [6] on another martensitic steel have shown that these areas have uneven distribution of C. Actual levels of C content for the studied steel was determined by XRD measurement of the lattice parameter (Table 3 ). The measured lattice parameter in the austenite welds aged at 620°C for 4 h was a oγ =3,59196 Å. This value was assumed for calculation of the C concentration using equation (1) [32, 33] . a oγ = 3,572+ 0,033·(wt.%C) (1) According to this equation the calculated content of C is 0.605 wt.%. The present studies have shown that the cell boundaries are also enriched in Ni and Cu. When the samples are aged, local areas of martensite are richer in Ni and Cu as well as in C may be at temperatures slightly higher than the A c1 . Therefore, during aging, some fraction of martensite enriched in Ni, Cu and C is transformed into reversed austenite.
The enrichment of the austenite Ni, Cu and C leads to a reduction in temperature of the M s of these areas relative to the average composition of the weld. M s temperature was calculated by the formula [34] :
M s temperature calculated for the cell boundaries is -68°C, while M s value for weld is -57°C. For the cell core the M s temperature is -51°C. During cooling after aging part of austenite transforms into fresh martensite again. Additionally the martensitic transformation induces compressive stresses which inhibit transformation of austenite to martensite. The areas enriched in Ni, Cu and C can reach such concentration of these elements that they are not transformed into martensite and these areas remain in the microstructure after aging in the form of reversed austenite. This indicates that enrichment of the austenite in the Ni, Cu and C can be a factor affecting the thermal stability of the austenite. However, this factor is not the only one. TEM observations revealed that the reversed austenite locally has a very high
